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We study the LHC signatures of new gauge bosons in the gauge-invariant minimal Higgsless 
model. It predicts an extra pair of Wi and Z\ bosons which can be as light as ~ 400 GeV and play 
a key role in the delay of unitarity violation. We analyze the W\ signals in pp — > WqZqZq — > 
and pp — > WoZojj — > vMjj processes at the LHC, including the complete electroweak and QCD 
backgrounds. We reveal the complementarity between these two channels for discovering the W\ 
boson, and demonstrate the LHC discovery potential over the full range of allowed Wi mass. 
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1. Introduction 

Unraveling the mechanism of electroweak symmetry 
breaking (EWSB) is the most pressing task facing parti- 
cle physics today, and is a major driving force behind the 
CERN Large Hadron Collider (LHC). New spin-1 gauge 
bosons serve as the key for Higgsless EWSB [1| , by delay- 
ing unitarity violation of longitudinal weak boson scatter- 
ing up to a higher ultraviolet scale 0, H[ without invoking 
a fundamental Higgs scalar Q ■ Dimensional deconstruc- 
tion Q was shown to provide the most general gauge- 
invariant formulation 0, Q of Higgsless theories under 
arbitrary geometry of the continuum fifth dimensioned) 
or its 4d discretization with only a few lattice sites 0, @] . 
The Minimal Higgsless Model (MHLM) consists of just 
3 lattice sites ("The Three Site Model") 0, and includes 
extra nearly degenerate (Wi, Z\) bosons which are al- 
lowed by precision data to be as light as ~ 400 GeV [|[ . 
The model contains all the essential ingredients of Higgs- 
less theories, and is the simplest realistic Higgsless model 
with distinct collider signatures. In this paper we study 
the LHC signatures of the new Wi boson via processes 
pp -> W Z Z -> jjU and pp -» W Z Q jj -> vUjj , 
where (Wo, Zq) are the light weak gauge bosons analo- 
gous to those in the standard model (SM). The MHLM is 
exactly gauge-invariant with spontaneous gauge symme- 
try breaking, hence it allows our analysis to predict con- 
sistent high-energy behavior for any relevant scattering 
amplitude, contrary to the previous gauge-noninvariant 
calculation in a naive 5d Higgsless sum rule approach [§] . 

2. Model Setup and Delayed Unitarity Violation 

The MHLM Q is defined as a chain moose with 3 lattice 
sites, under the gauge groups SU(2) <£> SU(2)x ® U{1) 2 
Its gauge and Goldstone sectors have 5 parameters 
in total — 3 gauge couplings (g , g 1: g 2 ) and 2 Goldstone 
decay constants (/ 1; / 2 ), satisfying two conditions due to 
its symmetry breaking structure, 
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For the optimal delay of unitarity violation we will choose 
equal decay constants f 1 = f 2 = \[2v where v = 

— 1/2 

(\/2Gf) as fixed by the Fermi constant. Inputting 
two gauge boson masses, e.g., the light gauge boson mass 
M\yo — 80 GeV and new gauge boson mass Myyi , we can 
determine all three gauge couplings (g Q , g x , g 2 ). 

The MHLM exhibits a delay of unitarity violation in 
light weak boson scattering Vq L Vq L — ► Vq L Vq L (Vq = 
Wq,Z ). The scattering WolZol — * WolZol is related 
to our collider study, so we derive the corresponding 
unitarity limits, E* ~ 3.1, 2.95, 2.8, 2.55, 2.35, 1.7 TeV 
for M W i = 0.4, 0.5, 0.6, 0.8, 1.0, oo TeV, respectively. 
(We have also analyzed the unitarity limit in the 
combined isospin-0 channel and find somewhat tighter 
limits: E* = 2.0, 1.86, 1.74, 1.66, 1.45, 1.2 TeV, for 
M W i= 0.4, 0.5, 0.6, 0.8, 1.0, ooTeV, respectively.) So, 
for Mw-i 1 TeV, each elastic Vol Vol scattering remains 
unitary over the main energy range of the LHC. 

The fcrmion sector contains SM-like chiral fermions: 
left-handed doublets ip 0L under SU (2) and right-handed 
weak singlets yb 2R . For each flavor of ip 0L , there is a heavy 
vector-fermion doublet under SU(2)i. The mass ma- 
trix for {V>, ^} is @ 
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The light SM fermions acquire small masses proportional 
to e R . For the present high energy scattering analysis 
we only need to consider light SM fermions relevant to 
the proton structure functions at the LHC, which can 
be treated as massless to good accuracy. So we will set 
e R ~ 0, implying that ip 2 R and do not mix. The 
mass-diagonalization of Mp yields a nearly massless SM- 
like light fcrmion Fq and a heavy new fermion F± of mass 
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e L . The low energy constraints already 



put a strong lower bound on the heavy fermion mass, 
Mf 1 > 1.8 TeV 0. Hence we focus our analysis on the 
production and detection of the new gauge boson W\ (Zi) 
which can be as light as ~ 400 GeV. To simplify the anal- 
ysis we will consistently decouple the heavy fermion by 
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taking the limit (M, m) — » oo while keeping the ra- 
tio e L = m/M finite. This finite ratio e L will be fixed 
via the ideal fermion derealization [ll[ , leading to van- 
ishing Wi -fermion couplings and thus zero electroweak 
precision corrections at tree-level 0, [TTJ] . We stress that 
the precisely defined fermion gauge couplings as well as 
gauge-boson self-couplings in the MHLM Q are the key 
to ensuring exact gauge-invariance in our collider study 
below. This feature makes our analysis essentially differ- 
ent from Ref. 0] which relies on a naive 5d Higgsless sum 
rule approach where both the fermion gauge couplings 
and the deviations of the Wq/Zq self-couplings from the 
SM cannot be correctly derived. 

3. Discovering the Wi Boson via pp — > WqZqZq 

Since W\ has vanishing fcrmionic couplings in the MHLM 
due to ideal fermion-delocalization |8|, [ljj , it decays to 
WqZq only, with the total width, 
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where a = e 2 /47r and r = M W0 /M W i <C 1. We 
note that in Eq. ((3J the total width at the leading or- 
der (r ) comes from the purely longitudinal decay mode 
Wil — * WolZol alone. Typically, we have ~ 
(3, 5, 17, 31) GcV for M Wl = (0.4, 0.5, 0.8, l)TcV. 

In this and next sections our collider studies will be 
performed at the parton-lcvcl (unless specified other- 
wise). Now we study the new process pp — » WqZqZq 
at the LHC, where the signal comes from pp — > Wq — > 

(*) 

W{ Zq — > WqZqZq . We propose to analyze the final 
state detection via leptonic decays of the two Z bosons 
and hadronic decays of Wo. This gives rise to a clean 
signature of 4-leptons plus 2-jets, jj£ + £~£ + £~ (£ = 
e i Mi 33 = QQ 1 )- The backgrounds include: (a) the irre- 
ducible SM production of pp W Z Z -> jj£ + £~£+£- 
(jj = qq' , without W\ contribution), (b) the reducible 
background of the SM production, pp — > ZqZqZq — > 
jj£ + £~£ + £~ (jj = qq), with one Zq — ► jj (mis-identified 
as Wo) since the mass-splitting Mz — Mw is within 
the uncertainty of reconstructing the Wq boson, and 
(c) the SM process pp — > jj£ + £~£ + £~ other than (a) 
and (b), which also includes the jj4£ backgrounds with 

n = qg,gg- 

We first impose the following cuts for particle identifi- 
cations 



p Te >lOGeV, \r] e \ < 2.5, 

p Tj >15GcV, 1^1 < 4.5. 

To suppress the backgrounds, we further impose 



(4) 



Mj-j = 80±15GeV, AR(jj) < 1.5, 

2 2 

X> T (^) +Y,PrVi) = ±15 GcV. (5) 



The Mjj cut is the requirement of reconstructing Wq 
from the dijets (due to on-shell Wq decay) according to 
the experimental resolution ±15 GeV[12|]. The AR(jj) 
cut is for suppressing the jj = qg,gg backgrounds. 

In practical data analyses for reconstructing Wo, there 
is no need to require separation between the two jets. 
Then there can be a background from a single jet or 
overlapping jet pair (arising from a single parton) with 
invariant-mass satisfying the Mjj requirement ([5]) which 
may mimic the two unseparated jets. So we need to im- 
pose a further cut to suppress this background. With 
a detailed simulation study using PYTHIA with the kx 
algorithm (taking the default parameter d cut = y/§) and 
considering showering effects, we find that the cut requir- 
ing p T balance can suppress the single-jet background to 
the level of 10~ 2 events which is invisible in FIG.Q] 

The relevant SM backgrounds are simulated using the 
Madgraph package [l3[ and a few related ones [3] . 
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FIG. 1: Signal and background events in the process pp — » 
W[* ] Z -> WqZoZo -> jj£ + £~£ + £~ for an integrated lumi- 
nosity of 100 fb" 1 . 

We plot the signal and background events under these 
cuts for an integrated luminosity of 100 fb" 1 in Fig.Q] 
where we depict the signal by a dashed curve, the back- 
grounds (c) with jj = gg, qg by small-dashed and small- 
dotted curves, respectively. The backgrounds (a) and (b) 
with jj = qq, qq are much smaller, appearing marginally 
on the left-lower corner of Fig.[TJ We summarize the to- 
tal backgrounds (a)+(b)+(c), depicted by the solid curve 
in Fig.[TJ We define the signal to include all events in 
the region Mzjj = Mw x ± O.O^Mwi , where the back- 
grounds are much smaller than the signal. The final 
state WqZqZq contains two identical Zq bosons and we 
have summed up the contributions from the two combi- 
nations of Mzjj for all the curves in Fig.[TJ For the signal 
curve, the non-resonant region on the right-hand-side of 
the peak mainly comes from the contributions of the two 
ifjj-combinations including no W\ peak; this region also 
decreases more slowly than the other backgrounds. The 
gauge-invariance of this calculation is verified by com- 
paring the signal distributions in unitary and 't Hooft- 
Feynman gauges; as shown in Fig.[T] by red-dashed and 
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blue-dotted curves, they perfectly coincide. We further 
derive statistical significance from Poisson probability in 
the conventional way. The integrated luminosity required 
for detecting the new W\ gauge bosons in this channel 
will be summarized in Fig. 0] as a function of mass Mw t . 

4. Discovering the W± Boson via pp — > WoZojj 

Next, we analyze the discovery of W\ bosons in the pro- 
cess pp — > WoZoqq' , where the signal is given by the W\ 
contribution to the W$Zq — ► WqZq subprocess. We per- 
form a complete analysis of pp — > WoZojj, and choose 
the pure leptonic decay modes of WqZq with 3 leptons 
plus missing- Et [IE Gil- We carry out the first full 
2^4 calculation for the MHLM, including both the elcc- 
troweak (EW) and QCD backgrounds for pp — > WoZ jj- 
We find the total SM backgrounds to be an order of mag- 
nitude larger than those estimated in Q. 

We first analyze how to suppress the SM backgrounds. 
We employ a forward-jet tag to eliminate the annihilation 
process qq' — ► WqZq (with possible QCD-jet radiation), 
as a reducible QCD background [l~5| . Of greater concern 
are the reducible QCD backgrounds pp — ► WoZ jj with 
jj = <ZSi 99 serving as forward jets. We find that these 
two QCD backgrounds are quite significant even under 
the cuts of 0, [TH . Hence we employ the following im- 
proved cuts to more effectively suppress the backgrounds, 

E j > 300 GeV , p Tj > 30 GeV , (6) 
177,1 < 4.5, | A ^|> 4 , (?) 



where Ej and p Tj - are transverse energy and momentum 
of each final-state jet, rjj is the forward jet rapidity, and 
| Arijj | is the difference between the rapidities of the two 
forward jets. The cut on |A?y- -| suppresses fl7| the QCD 
backgrounds pp — > WoZogg, W^Z^qg, especially in the 
low Myy z region. In addition, we employ the following 
lepton identification cuts, 

p Tl > 10 GeV, M < 2.5. (8) 

We have also included the irreducible QCD backgrounds 
to pp — > WoZoqq' (cf. dashed curve in Fig. 3 below). 

For computing the SM EW backgrounds, we need to 
specify the reference value of the SM Higgs mass Mh- 
Because the SM Higgs scalar only contributes to the t- 
channel in pp — > qq'WoZo, we find that varying the Higgs 
mass in its full range Mh = 115 GeV — 1 TeV has little 
effect on the SM background curve. Hence we can simply 
set Mh = 115 GeV in our plots without losing generality. 

The process pp — > WoZ qq' is a 2 — > 4 scattering pro- 
cess including both fusion and non-fusion contributions, 
where the former are the diagrams with a fusion sub- 
process WqZq — ► WoZ . Using the improved cuts ©-(jSJ), 
we have computed the WqZq invariant mass (Mw z ) 
distribution in both unitary gauge and 't Hooft-Feynman 
gauge as depicted in Fig. 2(a). The final result (the sum 
of the fusion and non-fusion pieces) is identical in the two 
gauges, as shown in Fig. 2(b). 




FIG. 2: Invariant-mass distribution Mw z in pp — > WoZ qq' for Mw x = 500 GeV: (a), fusion (dashed) and non-fusion 
(solid) contributions in the unitary gauge, fusion (densed-dashed) and non-fusion (dashed-dotted) contributions in the 't Hooft- 
Feynman gauge, and the sum of fusion and non- fusion contributions in both gauges which coincide (dotted); (b). comparison 
of the summed contributions (after cancellation) between the two gauges, in the MHLM; (c). same as (b), but for a toy model 
based on a sum-rule approach (like that in Ref. [t|) which explicitly violates gauge- invariance. 



Strikingly, we have revealed an extremely precise and 
large cancellation between the fusion and non-fusion con- 
tributions, as required by the exact gauge-invariance 



of the MHLM Lagrangian [Ti| ■ This manifest gaugc- 
invariance of the MHLM Lagrangian is crucial for obtain- 
ing the correct collider phenomenology and nontrivially 
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verifies the consistency of our analysis. Note that the 
separate fusion and non-fusion contributions are gauge- 
dependent and a large precise cancellation occurs only if 
they are rigorously combined, i.e., all the new physics con- 
tributions to the gauge-couplings of Wq/Zq and W\jZ\ 
as well as their couplings to the light fermions must be 
consistently included. The curves shown in Fig. 2(a)(b) 
come from the Higgsless model and no SM Higgs bo- 
son is invoked [2Cl] . To be concrete, we see that at 
Mw z = 1 TeV, the cancellation in the unitary gauge 
is a factor of 2400/2.3 ~ 1043, while that in 'tHooft- 
Feynman gauge is a factor of 195/2.3 ~ 84.7. We stress 
that these cancellations cannot be inferred without a 
truly gauge-invariant model. 

As a comparison, we also show, in Fig. 2(c), the 
summed result of the fusion and non-fusion contributions 
in unitary gauge for a naive toy model that is not gauge 
invariant. Following the 5d sum rule approach [9j, we 
assume that Wq and Zq have exactly the SM-couplings 
to light fermions while W\ and Z\ do not couple to the 
fermions. Next, one has to estimate the gauge boson 
self-couplings. There are at least 3 self- gauge-couplings 
(involving W -W -Z -Z , W -W -Z and Wi-W -Z ver- 
tices) which cannot be equal even after assuming all 
higher KK modes are fully decoupled. But only two 
sum rules from requiring E A and E 2 cancellations in 
WqZq — > WoZq can be derived; the E 2 sum rule may 
be used to estimate the W\-Wq-Zq coupling (ignoring 
all higher KK modes) and then the E 4 sum rule could 
determine the Wq-Wq-Zq coupling if one assumes the 
W -W -Z -Z coupling equals the SM-value. With this 
setup, we recompute Fig. 2(a) and plot the summed re- 
sults in Fig. 2(c); it shows that the precise cancellation 
we found for the MHLM in Fig. 2(b) is now destroyed in 
the high energy region 1.5 — 7 TeV, causing a large fake 
peak around 3 TeV in Fig. 2(c). 
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FIG. 3: Numbers of signal and background events versus the 
transverse mass Mt(WoZo) after imposing the cuts l|6]l-l[8jl 
for an integrated luminosity of 100 fb -1 . 

Traditional analyses [l5| of gauge-boson fusion in a 
strongly-interacting symmetry breaking sector have re- 
lied on using separate calculations of the signal and back- 



ground. The background is calculated in the SM, while 
the signal could be calculated only by using a model 
of 2 — > 2 Goldstone-boson scattering and applying the 
equivalence theorem together with effective-VF approx- 
imation. The MHLM Lagrangian Q is exactly gauge- 
invariant and, as we have demonstrated here, allows di- 
rect calculations of full 2^4 processes in any gauge. 

In a realistic experimental analysis, one must study the 
transverse mass, 



br s |] 2 - \p, 



M 2 (W Z ) r 



II 



yM 2 (m)+p 2 T ^u) + 

|. We compute both the 



signal and backgrounds for the Mt{WqZq) distribution 
and depict them in Fig.[3J Counting the signal and back- 
ground events in the range 0.85Mw ± < Mt < 1.05Mw ls 
we further obtain the required integrated luminosities for 
3(7 and 5a detections of the W\ boson, as shown in Fig. [4] 

5. Complementarity and the LHC Discovery Po- 
tential 

We have performed the first gauge-invariant study of 
LHC signatures of the new gauge bosons predicted by 
the Minimal Higgsless Model (MHLM) Q. The W Z Z 
channel is of special importance due to its distinct jj&£ 
signals and the full reconstruction of W\ peak (Fig. 1). 
We find that the simple cuts ([5]) can sufficiently sup- 
press all the SM backgrounds and single out the jj4£ 
signals. The WoZojj channel has a larger cross sec- 
tion when Mwi is heavy, but measuring the W± peak 
is harder due to the missing- Et of final state neutrinos. 
Hence, the WqZqZq channel plays a crucial complemen- 
tary role to the WoZ^jj channel for co-discovering W± 
bosons at the LHC. Confirming the W\ signals in both 
channels, as well as the absence of a Higgs-like signal in 
pp — > ZoZoqq — > 4£qq, will be strong evidences for Hig- 
gsless EWSB. 

We summarize the 3tr and 5c detection potential of 
the LHC in Fig. [51 where the required integrated lumi- 
nosities are derived over the full range of allowed W\ 
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FIG. 4: Integrated luminosities required for 3a and 5<r de- 
tection of Wi signals as a function of Mw ± ■ The dotted and 
dashed-dotted curves are for the WqZqZo channel, while the 
dashed and solid curves are for the WoZojj channel. 
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mass. Here we have included statistical error in de- 
termining the discovery potential; systematic error and 
other detector details are beyond the current scope. We 
find that, for M Wl = 500 (400) GeV, the 5a discovery 
of W\ requires an integrated luminosity of 26(7.8)fb _1 
for pp -> W Z Z -» jjU, and 12(7)fb~ 1 for pp -> 
WoZojj — ► v3£jj. These discovery reaches will be 
achieved within the first few years' run at the LHC. 

6. Conclusions 

In this work, we have presented the first realistic and 
consistent study of LHC signatures for the Minimal Hig- 
gsless Model (MHLM), which is proven (through the uni- 
tary gauge and 't Hooft-Fcynman gauge) to be exactly 
gauge- invariant. Such exact gauge- invariance was never 
demonstrated before in all other Higgsless studies. 

In the first part of our work, we proposed and stud- 
ied, for the first time, a new promising channel W ZZ{— > 
jjM) for detecting new W\ bosons in the Higgsless model. 
In the second part, we gave the first quantitative study 
of the WZjj channel and its LHC-signatures of W\ from 
the exactly gauge-invariant MHLM Lagrangian. In this 
channel we demonstrated for the first time the large 
cancellations between fusion and non-fusion graphs in 
the MHLM by consistently including all new physics 
contributions [cf. Fig. 2(a)-(b)]. We also proved that 



a non-gauge-invariant Higgsless toy model does violate 
this large cancellation, and leads to erroneous high en- 
ergy behavior of M\y z [cf- Fig- 2(c)]. Therefore, it 
is vital to adopt exactly gauge-invariant Higgsless mod- 
els such as the MHLM [8[ for correctly studying LHC- 
phenomenology via 2 — > 4 processes. Furthermore, our 
study computed not only the realistic signal events but 
also the correct background events (cf. Fig. 3), which are 
crucial for predicting the LHC discovery potential of new 
W\ bosons. 

We have further demonstrated the complementarity be- 
tween the W ZZ and WZjj channels, which are both 
very promising. The LHC discovery potential of new Wi 
bosons in both channels was first quantitatively predicted 
over the full mass-range of W\ in Fig. 4. 
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